We perform direct numerical simulations of shock-wave/boundary-layer interactions (SBLI) at Mach number M ∞ = 1.7 to investigate the influence of the state of the incoming boundary layer on the interaction properties. We reproduce and extend the flow conditions of the experiments performed by Giepman et al. [1] , in which a spatially evolving laminar boundary layer over a flat plate is initially tripped by an array of distributed roughness elements and impinged further downstream by an oblique shock wave. Four SBLI cases are considered, based on two different shock impingement locations along the streamwise direction, corresponding to transitional and turbulent interactions, and two different shock strengths, corresponding to flow deflection angles φ = 3 o and φ = 6 o . We find that, for all flow cases, shock induced separation is not observed, the boundary layer remains attached at φ = 3
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We perform direct numerical simulations of shock-wave/boundary-layer interactions (SBLI) at Mach number M ∞ = 1.7 to investigate the influence of the state of the incoming boundary layer on the interaction properties. We reproduce and extend the flow conditions of the experiments performed by Giepman et al. [1] , in which a spatially evolving laminar boundary layer over a flat plate is initially tripped by an array of distributed roughness elements and impinged further downstream by an oblique shock wave. Four SBLI cases are considered, based on two different shock impingement locations along the streamwise direction, corresponding to transitional and turbulent interactions, and two different shock strengths, corresponding to flow deflection angles φ = 3 o and φ = 6 o . We find that, for all flow cases, shock induced separation is not observed, the boundary layer remains attached at φ = 3
• and close to incipient separation at φ = 6
• , independent of the state of the incoming boundary layer.
We characterize the regions of instantaneous separation by computing the statistical probability (γ) of the wall points with local flow reversal. The analysis shows that the turbulent interactions are characterized by a higher peak of γ, although the region of separation is slightly wider in the transitional interaction cases. interaction zone is mainly determined by the strength of the shock wave, and the state of the incoming boundary layer has little influence on the interaction length scale L.
The scaling analysis for L and the separation criterion developed by Souverein et al. [2] for turbulent interactions are found to be equally applicable for the transitional interactions. The findings of this work suggest that a transitional interaction might be the optimal solution for practical SBLI applications, as it removes the large separation bubble typical of laminar interactions and reduces the extent of the high-friction region associated with an incoming turbulent boundary layer. Shock-wave/boundary-layer interactions (SBLI) are commonly observed in high speed engineering applications such as air intakes, turbo-machinery cascades, helicopter blades, supersonic nozzles, and launch vehicles. Shock waves can be useful for compressing the incoming flow, enhancing the turbulence mixing and increasing the internal energy of the flow. However, their interaction with an incoming boundary layer could result in boundary-layer separation, high-wall heat flux and surface pressure, and induction of large scale instabilities [3] [4] [5] [6] [7] . SBLI is also responsible for unsteady vortex shedding and shock/vortex interaction, which are the major reasons for broadband noise emission.
The nature of the incoming boundary layer which interacts with the shock has a significant impact on the flow topology and on the aerodynamic performance of the aerospace vehicle. A laminar boundary layer is more susceptible to separation when it encounters a shock wave because of its low resistance to the adverse pressure gradient created by the impinging shock [8, 9] . Such a boundarylayer separation could be a greater challenge in hypersonic intakes, where strong interactions occur leading to a reduced mass flow rate [10] . This laminar interaction has been studied in detail through experiments [11, 12] , numerical simulations [13] [14] [15] and theory [16] . Katzer [14] showed that the separation size has a linear growth with the impinging shock strength and that, in agreement with the free interaction concept [17] , at low Reynolds numbers the separation size increases with Reynolds number and decreases with Mach number.
A possible strategy to reduce the separation size is to energize the incoming boundary layer to make it turbulent. A turbulent boundary layer better sustains the adverse pressure gradient 4 created by shock impingement, minimizing and in some cases suppressing the flow separation [18] [19] [20] .
Various techniques have been used in the past to energize the incoming boundary layer, which include suction and injection [21, 22] , slots [23] [24] [25] and vortex generators [26, 27] . Although a turbulent boundary layer could reduce the shock-induced separation size, an early onset of turbulence has the disadvantage of increasing the skin friction and the associated drag.
In recent years, there has been a renewed interest in studying the interaction of a transitional boundary layer with a shock wave, motivated by the hope that a transitional interaction could bridge the gap between the large separation size obtained in a laminar interaction and the high friction drag associated with a turbulent interaction. Some of the recent studies that have experimentally investigated the interaction of a shock with a transitional boundary layer include those by Giepman et al. [12] , Sandham et al. [28] , Davidson and Babinsky [29, 30] . Giepman et al. [12] studied the influence of the boundary-layer state (laminar, transitional and turbulent) on the properties of the interaction with an oblique impinging shock wave. The incoming laminar boundary layer transitioned to turbulence due to acoustic disturbances in the flow, and the oblique shock was impinged at varying locations based on the type of interaction desired. The shock-impingement point in the transitional interaction case was selected at a location with intermittency of about 50 %, and it resulted in a small boundary-layer separation. In a follow-up work, Giepman et al.
[1] used tripping devices to promote the boundary-layer transition ahead of the interaction. They analyzed the effectiveness of three tripping devices namely stepwise trip, zigzag strip and a patch of distributed roughness. The zigzag strip and the distributed-roughness patch were found to be more effective in energizing the boundary layer and suppressing the separation region, mainly due to their three-dimensional shape.
There has been a limited number of numerical studies on transitional SBLI in the literature, and the only prominent one pertains to the hypersonic regime. Sandham et al. [28] carried out direct numerical simulations of an oblique shock impinging on a transitional boundary layer at M ∞ = 6, and compared the numerical results with available experimental data. They triggered the boundary-layer transition by adding disturbances to the density field at the domain inlet. The shock was impinged at various locations for varying intermittencies, and they observed higher values of 5 wall heat transfer for the transitional interactions as compared to the fully turbulent cases.
The objective of the present work is to numerically investigate the flow physics of transitional supersonic shock/boundary-layer interaction. In our simulations we use hemispherical roughness elements to trip an incoming laminar boundary layer which is impinged by an oblique shock at varying locations corresponding to transitional or turbulent conditions. The flow configuration is chosen to match some of the experiments of Giepman et al. [1] . We also analyze the effect of varying the shock strength on the transitional interaction by increasing the shock generator angle.
The main aim is to highlight the advantages (if any) of a transitional interaction on the suppression of mean and instantaneous shock-induced separation, and also to bring out the key properties of the interaction in terms of boundary-layer growth and interaction length scales.
The paper is organized as follows. The numerical set up and the methodology are described in section II. Results pertaining to the case of the tripped boundary layer without any impinging shock are presented in section III along with a comparison with available experimental data. The effect of shock impingement on the transitional and turbulent boundary layers is described in section IV.
Conclusions are finally provided in section V.
II. Methodology

A. Flow configuration
A schematic view of the flow configuration investigated is shown in figure 1 . The overall size of height k and quantities evaluated at the roughness edge, is Re k = 3.1 × 10 3 , a value sufficiently high to trigger roughness-induced transition [31, 32] .
We run a total of five DNS, whose parameters are listed in table 1. Case BL-TRIP corresponds to the simulation of a boundary layer tripped by roughness elements without any impinging shock.
The other cases include shock/boundary-layer interactions for varying impingement location and shock strength. We choose two values of shock strength, corresponding to flow deviations φ = 3 o and φ = 6 o . For a given shock strength, we choose two points of shock impingement, x s /δ in = 48
and x s /δ in = 83.8, corresponding to (see section III) a transitional-and a turbulent boundary layer, respectively. For two of the DNS cases (BL-TRIP and SH3-TU), experimental data from Giepman et al. [1] are available for comparison.
B. Numerical Method
We discretize the flow domain using a Cartesian grid and solve the three-dimensional compressible Navier-Stokes equations for a perfect gas with Fourier heat law and Newtonian viscous terms.
The fluid under consideration is air with a value of specific heat ratio γ = 1.4, specific gas constant is the Reynolds number based on the momentum thickness at the inlet of the computational domain, and φ is the flow deflection angle. The distances from the leading edge to the roughness elements (xt) and the shock impingement point (xs) are also specified. R = 287 KJ/kg o K and molecular Prandtl number Pr = 0.72. We assume the molecular viscosity µ to depend on the temperature T through the Sutherland's law and compute the thermal conductivity as k c = c p µ/Pr , where c p is the specific heat at constant pressure. We employ 4096 × 592 × 384 points for discretization along the streamwise, wall-normal and spanwise directions, respectively, and generate a uniform grid spacing in the wall-parallel directions. In the wall-normal direction we cluster the grid nodes towards the wall by adopting a hyperbolic sine mapping ranging from y = 0 up to y = 5δ in , which is succeeded by a uniform mesh spacing using a suitable smoothing in the connecting zone. We ensure sufficient grid refinement by evaluating the wall units at x/δ in = 83.8
(turbulent regime) for case BL-TRIP. The wall units are obtained by normalizing the grid spacing in terms of the viscous length scale δ v , and take the value of ∆x + = 4.63 and ∆z + = 4.12 along the streamwise and spanwise directions, respectively. Along the wall-normal direction, the value ranges from ∆y + = 1.02 at the wall to ∆y + = 21.4 at the edge of the boundary layer.
The boundary conditions are specified as follows. At the inlet, a laminar boundary layer is imposed, whose profile is determined from the solution of the generalized Blasius equations [33] .
An oblique shock wave is introduced at the top of the domain by locally enforcing the inviscid jump relations so as to mimic the effect of the shock generator. Non-reflecting boundary conditions are enforced at the top wall and at the outlet of the domain to avoid spurious wave reflections.
A characteristic wave decomposition is also applied at the adiabatic no-slip wall to ensure perfect 8 reflection of acoustic waves.
The governing equations are solved using an in-house finite-difference flow solver, widely validated for wall-bounded flows and SBLI in the transonic and supersonic regimes [34, 35] . The solver is based on state-of-the-art numerical algorithms designed to tackle the challenging problems associated with high-speed turbulent flow solutions, allowing to accurately resolve a wide spectrum of turbulent scales and to capture steep gradients without unwanted numerical oscillations. We discretize the convective terms of the governing equations using a sixth-order central differencing scheme, and in the shock regions, identified through the Ducros sensor [36] , we use a fifth-order WENO scheme.
To improve the numerical stability, the convective terms are arranged in skew-symmetric form [37] and the triple split proposed by Kennedy and Gruber [38] is applied in a locally conservative formulation. The viscous terms are expanded to Laplacian form and discretized using a sixth-order central differencing scheme, which guarantees physical dissipation at the smallest scales resolved by the computational mesh. The solution is advanced in time using a third-order, low-storage, explicit
Runge-Kutta algorithm [39] . The presence of the roughness elements is managed by means of the immersed-boundary (IB) method, that allows to deal with embedded geometries of arbitrary shape on a Cartesian grid. In the present study, the IB method is implemented following the approach proposed by de Tullio et al. [40] for compressible flows. Additional details on the implementation can be found in Bernardini et al. [41] .
We carry out the simulations using 2048 cores on the Lenovo NeXtScale platform at the Italian computing center CINECA, using a total budget of 2.25 Mio. CPU hours. The flow statistics were computed over a time period of about 327δ in /U ∞ using around 1200 flow fields. In the present work, we normalize the streamwise distance either using the trip location i.e. x * t = (x − x t )/δ 95 , or by the inviscid shock impingement point, i.e. x * s = (x − x s )/δ in .
III. Boundary-layer transition
In this section, we look at the effect of the transition device on the incoming boundary layer in the absence of the impinging shock, and we provide a characterization of the boundary-layer evolution along the streamwise direction.
The incoming laminar boundary layer is perturbed after encountering the roughness elements at x * t = 0, and since the roughness height is above the critical value [42] , transition to turbulence occurs further downstream. Figure 2 , where isosurfaces of the swirling strength criterion are reported,
shows the typical pattern to transition observed in previous studies of roughness-induced transition [43, 44] , with the formation and shedding of hairpin vortical structures past the roughness elements, which evolve in the streamwise direction leading to the flow breakdown. This behavior is associated to the instability of the detached shear layer on the top of roughness edge and has been observed across a wide range of Mach numbers [32] .
We report the distribution of the time-and spanwise-averaged skin friction coefficient c f = τ w /q ∞ along the streamwise direction in figure 3 , τ w and q ∞ being the wall-shear stress and freestream dynamic pressure, respectively. Upstream of the roughness elements, the skin friction is 
and the Blasius correlation,
where the subscript 'i' refers to the incompressible regime. These relations are extended to compressible flows via the van Driest II transformation (for adiabatic wall) given by
where
We observe a good match between the c f distribution obtained from the DNS and the Kármán- location (x * t = −25) corresponds to the region upstream of the tripping elements, and the velocity profile is characterized by an extended linear behavior typical of a laminar boundary layer. A strongly perturbed profile is observed at x * t = 0, with the presence of two inflection points, which indicates the onset of the instabilities due to the flow interaction with the tripping elements. As a consequence of the transition process, the mean velocity profiles at subsequent stations (x * t = 25 and x * t = 50) become fuller, with a steeper velocity gradient at the wall. We obtain a very good agreement with the experimental data, which demonstrates the capability of the simulation in accurately predicting the streamwise evolution of the flow and capturing the length-scale of the transition process.
A further comparison between the DNS and the experiment is provided in figure 5 , where the evolution of the boundary layer is described in terms of incompressible displacement thickness (δ * i ), momentum thickness (θ i ) and shape factor (H i ), The agreement between the DNS results and the experimental data is very satisfactory, also considering the challenges of performing PIV measurements in extremely thin transitional boundary layers with non-uniform seeding distributions. Past the tripping elements the displacement thickness initially decreases as a consequence of the transition process that fills-up the velocity profile, it achieves a minimum at x * t ≈ 15 and then it starts to rise. On the other hand the momentum thickness is characterized by a steady growth and its post-trip value is always larger than the value computed at the trip location. The distribution of the shape factor reflects the transition process undergone by the boundary layer. It has an initial value of about 2.7, typical of a laminar boundary layer and attains a peak of about 3.2 at the roughness location. Past the interaction, the shape factor displays a drastic drop to about 1.4, which is a value typical of a turbulent boundary layer [45] , achieved approximately for x * t > 40.
IV. Effect of impinging shock
In this section we investigate the interaction of an impinging shock with the spatially evolving boundary layer discussed in the previous section, with the main aim of characterizing the effect of the incoming boundary-layer state (transitional or turbulent) on the properties of the interaction.
To that purpose, we analyze the results of the four DNS listed in table 1 To provide a qualitative overview of the flow organization, we report in figure 6 contours of the instantaneous density in a longitudinal x − y plane. The density field highlights very well the wave system originated as a consequence of the interaction process, mainly consisting of the impinging and the reflected shock, as well as a series of waves (compression-expansion-compression) radiating in the freestream, arising from the perturbation of the boundary layer induced by the tripping device. We point out that the other feature typically observed in a strong SBLI involving a separation bubble, a fan of expansion waves associated with the reattachment of the boundary layer, is not observed in figure 6 and both the transitional and turbulent interaction cases share the same qualitative behavior. This reveals that the present interactions do not involve a massive separation of the flow, contrary to the case of an untripped laminar oblique shock-wave reflection at φ = 3 • , considered under the same flow conditions (Mach-and Reynolds numbers) in the experimental work by Giepman et al. [12] , who highlighted the presence of a large separation bubble. A major role is played by the strength of the impinging shock, which determines the extent of the interaction zone, that significantly increases with the deflection angle φ.
The distribution of the mean wall pressure is shown in figure 7 , together with the inviscid pressure jumps predicted by the Rankine-Hugoniot relations. In all cases, the wall pressure exhibits a sharp rise upstream of the nominal shock impingement point, followed by a slower increase further downstream, which is more gradual in the case of the transitional SBLI. On the other hand, we observe that the beginning of the interaction is rather independent of the nature of the incoming boundary layer (transitional or turbulent), and the extent of the upstream influence region is determined by the shock strength. Figure 8 shows the root-mean-square of wall pressure fluctuations (p wrms ) for all shockimpingement cases. The p wrms rise across the interaction region is sligthly higher for the turbulent interactions as compared to the corresponding transitional cases, for both the incident shock angles. The post-shock decay for the two types of interaction also varies, with the turbulent cases displaying a steeper decline past the interaction region compared to the corresponding transitional case. The transitional interactions have a broader post-shock decay region, with the φ = 6
• case also displaying a local minimum at the nominal shock impingement point.
The effectiveness of boundary-layer tripping in suppressing a shock-induced separation can be identified by the distribution of the skin friction coefficient c f , displayed in Fig 9 for all the shock impingement cases. In the interaction region the wall shear stress is characterized by a remarkable drop, associated with the lift off of the boundary layer, followed by a gradual recovery. The c f curves
show that in all the cases, even those at higher shock strength, mean separation is not observed, and tripping the boundary layer eliminates the large separation bubble found in a laminar interaction.
This quantitatively confirms our expectations drawn from the inspection of figure 6 . The skin friction levels remain well above the zero line for the cases SH3-TR and SH3-TU, whereas they are almost tangent for the cases SH6-TR and SH6-TU, which can be classified as cases with incipient separation. Quite surprisingly, the minimum value of the skin friction is lower in the turbulent interaction than in the transitional cases, although the width of the region where the c f value drops due to the shock impingement is wider in the transitional interactions.
The absence of a mean separation clearly does not preclude the possibility of instantaneous zones with locally reversed flow. We characterize the regions of instantaneous separation by plotting the statistical probability (γ) of the the wall points with negative ∂u/∂y, where u is the instantaneous streamwise velocity. Simpson [46] classified the boundary-layer detachment based on how frequently the backflow occurs. A statistical probability of backflow of 1% of the total sampling is denoted as incipient detachment (ID), while that amounting to 20 % is classified as intermittent transitory detachment (ITD). A 50 % probability of backflow is termed as transitory detachment (TD), which clearly indicates a separation in the mean. exceed the ITD level, and the peak probability of separation for the turbulent interaction is slightly higher than that of the transitional interaction. The same plot for the flow cases at higher angle of incidence φ = 6 o is shown in figure 10b . As expected, we observe higher levels of instantaneous separation in comparison to the lower incidence cases, with the turbulent interaction exceeding the transitory detachment level. In the transitional interaction case, although the peak percentage of separation is not as high, the width of the separation region exceeds that of the turbulent interaction zone by about 36 % at the ITD level.
The instantaneous flow separation can be clearly visualized by plotting the wall skin friction contour, as carried out for the φ = 6 o shock impingement cases in figure 11 . The isolines correspond to zero skin friction level indicating areas of reverse flow. In agreement with the statistical probability of instantaneous separation discussed previously, the region of separation is slightly wider in the transitional interaction case as compared to the turbulent one.
The development of the boundary layer across the interaction is described in figure 12 , where we to the effect of the adverse pressure gradient, leading to higher values of the shape factor.
We now look at some of the characteristics of the interaction in the transitional and turbulent regime at varying shock angles. An important defining parameter for any SBLI is the characteristic interaction length L, which is defined as the distance between the wall-extrapolated point of the reflected shock and the nominal impinging shock location.
Based on a mass-balance analysis, Souverein et al. [2] proposed a non-dimensional form of the interaction length scale applicable for turbulent SBLI with adiabatic wall boundary conditions (both, oblique shock impingement and compression corner), Souverein et al. [2] also proposed an additional parameter to characterize the SBLI in terms of the ratio in the pressures before (P 1 ) and after (P 3 ) the shock system. This non-dimensional parameter is given by Refer to Souverein et al. [2] for the interpretation of symbols.
According to the classification of Souverein et al. [2] , a value of S * e < 1 corresponds to attached interactions and S * e > 1 represents interactions with boundary-layer separation. The values of S * e for each of our cases is given in table 2. Souverein et al. [2] suggested that the interaction length L * plotted in combination with the separation criterion S * e would collapse the data along a single trend line irrespective of Reynolds number, Mach number and interaction type (oblique shock impingement and compression corner). This scaling is tested for our flow cases in figure 13 , where DNS data are reported with available experiments, and colors are used to identify attached (black), incipiently separated (grey) or separated (white) interactions. We observe that, for all flow cases, our DNS data follow the experimental trend and fall within the acceptable range of scatter,
suggesting that the scaling analysis proposed by Souverein et al. [2] for turbulent SBLI, could be equally applied to describe transitional interactions.
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V. Conclusions
We have performed a series of direct numerical simulations to investigate the effect of an oblique shock wave impinging on transitional and turbulent boundary layers at M ∞ = 1.7, with the main aim of evaluating the effectiveness of a transitional boundary layer to suppress shock-induced separation.
The incoming laminar boundary layer was tripped by a strip of distributed roughness elements, which enabled a rapid transition to turbulence. A single DNS carried out without the presence of any impinging shock wave helped to characterize the boundary-layer transition region and to validate the numerical approach by means of a favorable comparison with available experimental data in terms of mean velocity profiles, boundary layer thicknesses and shape factor.
Four DNS cases were considered in the present study based on varying shock impingement locations along the streamwise distance (corresponding to transitional or turbulent interactions), and also based on varying shock strength (flow deflection angles φ = 3 o and φ = 6 o ). We observed a clear suppression of shock-induced mean separation in both the transitional and turbulent interaction cases, inferred by the distribution of the skin friction coefficient. This observation applies to both the weak as well as the strong interaction cases considered in our study. A higher peak in the probability of the instantaneous separation was observed for the turbulent interactions, although the transitional cases exhibited wider regions of instantaneous separation.
The scaling analysis for the interaction length proposed by Souverein et al. [2] for turbulent shock/boundary-layer interactions was tested for all the flow cases considered here and it was found to be applicable for our DNS, including the transitional interactions. Furthermore, the separation criterion S * e , only dependent on the Mach number and flow deflection angle, correctly classified the present interactions as attached or close to incipient separation.
Overall, our results provide numerical evidence that a transitional interaction retains the beneficial features of a turbulent interaction in terms of suppression of mean separation. Therefore, for practical SBLI applications, it seems to be reasonable to trip the boundary layer a short distance upstream of the impinging shock to remove the separation bubble, maximizing the region with a low skin friction coefficient. Obviously, such encouraging considerations are based on a DNS database of limited extent and further investigations are needed to completely characterize transitional SBLI.
Future efforts will be devoted to include the effects of different tripping devices, as well as to expand the range of investigated Mach-and Reynolds numbers.
